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Introduction 

Accumulating evidence suggests that Endoplasmic Reticulum (ER) stress/Unfolded Protein 
Response (UPR)-mediated cell death plays a role in Parkinson's disease (PD) based on 
genetic, pharmacological and environmental factors. For example, a-synuclein, the major 
component of Lewy bodies (Spillantini et al., 1997), is associated with protein aggregation and 
proteosomal dysfunction (Betarbet et al., 2002). Additionally, Parkin, the protein associated with 
autosomal recessive juvenile Parkinsonism (AR-JP; Kitada etal., 1998) has been shown to be 
an E3 ubiquitin-protein ligase (Shimura et al., 2000). Reports that Parkin substrates misfold, 
aggregate, and trigger ER stress/UPR suggest that Parkin activity prevents the accumulation of 
misfolded proteins (Imai et al., 2001; Tsai et al., 2003). The role of proteosomal impairment has 
been further emphasized by recent findings that pharmacological inhibition of proteasome 
function leads to selective degeneration of dopaminergic neurons in culture (McNaught et al., 
2002a) as well as in vivo (McNaught et al., 2002b). Finally, recent studies from this lab (Holtz 
and O’Malley, 2003) as well as others (Ryu et al., 2002) have linked oxidative stress, a well- 
documented factor in PD, with ER stress/UPR as well. 

Beginning with a functional genomics approach to identify transcriptional alterations in a well- 
characterized model of 6-OHDA and MPP + toxicity, studies conducted under the auspices of 
this grant identified numerous changes in genes associated with ER stress/UPR (Holtz and 
O’Malley, 2003). Reverse transcription/PCR amplification, western blots and 
immunocytochemistry were used to verify changes in selected subsets of differentially regulated 
transcripts. Selected transcripts were also tested for toxin-induced changes in primary cultured 
dopaminergic neurons. Just as studies in other model systems have uncovered novel signaling 
pathways, these experiments are also revealing unanticipated pathways that contribute to MPP + 
and 6-OHDA neurotoxicity. Taken together, these and other findings support the theory that 
proteosomal dysfunction with ensuing ER stress/UPR contribute to PD. 


Body 


A. Does the neurotoxin MPP + differentially regulate sets of genes? 

To test the hypothesis that MPP + alters gene transcription as part of its neurotoxic program, a 
time course study using cycloheximide to block MPP + toxicity, was performed as previously 
described, Briefly, cells were treated with 50 pM MPP + with 10 pM cycloheximide being added 
for varying periods of time. The point at which about 50 % of the cells were rescued by blocking 
protein synthesis, 9 hours following MPP + treatment, was chosen as the best time point at which 
to harvest RNA. 

In consultation with experts from our onsite Affymetrix gene chip core facility, we subsequently 
designed our experiments such that a minimum of 3 separate experiments were performed in 
which cells were treated with MPP + for 9 hours and then harvested for RNA preparation at that 
time point. Cell death was verified in each case by independent experiments done on sibling 
cultures. RNAs from all three experiments were pooled to form an RNA resource that would 
minimize experimental variation. 

RNA sample preparation was done according to protocols devised by Affymetrix to achieve the 
best results, particularly for mammalian cells. Specific details of preparation and hybridization 
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were described previously and are detailed in the attached manuscript (Holtz and O’Malley, 
2003). 

The data obtained for MPP + are compiled values from three separate experiments done in 
triplicate as described above. The expression level of each probe set was plotted to determine 
the reproducibility of the array-based hybridization signals and to compare gene expression 
levels by MN9D cells treated with and without MPP + . The ratio of gene intensity in toxin-treated 
cells to that in control samples was used to represent the toxin-mediated induction. The 
reciprocal ratio represented repression. Genes were considered up or down-regulated if the 
fold change was at least 2.0 in individual experiments as well as in averaged, triplicated 
experiments. These limits are in general agreement with most gene chip experiments. 

Out of the approximately 12,000 genes and ESTs represented on the MG-U74Av2 GeneChip, 
4,304 (-35% of total) were defined as “present” by the microarray analysis software for MPP + - 
treated samples. Transcripts were subsequently grouped by individual toxin treatment or by 
both 6-OHDA and MPP + . As indicated in Table 1, only 59 transcripts increased in response to 
MPP\ Results for decreasing transcripts were somewhat less (Table 2). Both neurotoxins 
induced a number of the same transcripts, with 43 of the 59 transcripts induced by MPP + also 
induced by 6-OHDA (Table 3). These included genes involved in cell cycle and/or differentiation, 
signaling, stress, and transcription factors, indicating possible common cell death mechanisms. 
The most highly induced transcript in response to either treatment was that to the stress protein 
CHOP/Gadd153. These results support previous findings showing that MPP + and 6-OHDA 
promote distinct yet overlapping programs of cell death. 

As described in more detail below (C; Holtz and O’Malley, 2003), MPP+ appears to specifically 
induce one arm of the ER stress/Unfolded Protein Response (UPR)-mediated cell death 
pathway. Interestingly, time course data generated for pathway constituents indicated that 
between 1-3 hours something occurs in MPP + treated cells that leads to a decline in the ER 
stress/UPR markers (see Figs 4-5, attached publication Holtz and O’Malley, 2003). As part of 
the original research proposal and in order to determine whether transcriptional changes are 
mediating this effect, we have now prepared MPP + -treated RNA at 1 and 6 hours exactly as 
previously described. Aliquots of the pooled RNA from these experiments are queued at the 
Washington University School of Medicine DNA array facility. We should receive these new data 
in the next few weeks. The additional information will allow us to analyze MPP + -mediated 
transcriptional changes in significantly more depth than our original single time point has 
allowed. 

B. Does the neurotoxin 6-OHDA differentially regulate sets of genes? 

To test the hypothesis that 6-OHDA neurotoxicity alters fundamental patterns of gene 
expression, experiments were conducted exactly as described above for MPP + . Out of the 
approximately 12,000 genes and ESTs represented on the GeneChip, 4,580 (-37% of total) 
were defined as present for 6-OHDA-treated samples. Notably, 6-OHDA treatment affected 
almost three times as many transcripts as MPP + . Specifically, 157 transcripts increased in 
response to 6-OHDA (Table 4) and 41 decreased (Table 5). As described, the most highly 
induced transcript in response to either treatment was that to CHOP. 6-OHDA also induced a 
large number of transcripts that were unchanged by MPP + treatment, including molecular 
chaperones and other genes involved in protein folding, trafficking, and the ubiquitin- 
proteasome pathway (Table 3). 
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Because 6-OHDA appeared to induce apoptosis in this model system as well as in primary 
cultured neurons (Oh et al., 1995; Lotharius et al., 1999; Choiet al., 1999), we anticipated the 
identification of functional clusters of neurotoxin-responsive genes that would overlap with 
apoptotic patterns observed in other models. Surprisingly, however, many of the genes that 
were up regulated were again members of the ER stress/UPR cell death pathway. Indeed, Chop 
induction was even more pronounced in 6-OHDA treated cells than in MPP + Table 3). 

Currently, we have also prepared RNA from MN9D cells treated with 6-OHDA for 1 and 6 hours. 
These samples, like those for the MPP + -treated RNA pools are awaiting processing at our DNA 
array facility. The wealth of new information being generated with further our attempts to order 
and delineate 6-OHDA mediated cell death pathways. 

C. Verification in MN9D Ceils 


To verify induction or repression by an independent method, a subset of the most interesting 
differentially regulated genes were examined by RT/PCR, Western blotting and 
immunocytochemical approaches. These methodologies allowed us to quantitate and 
temporally order the ER stress/UPR pathways involved in neurotoxin-induced cell death. 

As detailed in the attached publication (Holtz and O’Malley, 2003), 6-OHDA, but not MPP + , 
significantly increased hallmarks of UPR such as BiP, c-jun, and processed Xbpl mRNA. Both 
toxins increased the phosphorylation of UPR proteins, PERK and elF2a, but only 6-OHDA 
increased phosphorylation of c-jun. Thus, 6-OHDA is capable of triggering multiple pathways 
associated with UPR, whereas MPP + exhibits a more restricted response. These results 
allowed us to derive a working model (Fig. 1) from which we can test further hypotheses. 


6-OHDA 

— -( atf^ 


Splicing of ATF6 
cytosolic domain 



elF2a 

phosphorylation 



Cytosol 


c-jun 

phosphorylation 


Upregulation of ER chaperones 
(BiP.PDI, CHOP) 


Upregulation of ATF4 targets 
(AA-T, tRNA-S, CHOP) 


MPP* 



elF2a 

phosphorylation 



Attenuation 
of protein 
translation 



Fig. 1. 6-OHDA induces multiple targets 
of UPR, while MPP + is restricted to the 
PERK pathway. The mammalian UPR 
consists of three ER membrane resident 
proteins (Irela/p, ATF6, and PERK) that 
sense ER stress and activate the UPR 
pathway resulting in transcriptional 
changes and attenuation of protein 
translation. The current studies 
demonstrate that 6-OHDA induces all 
three arms of the UPR leading ultimately 
to the transcriptional changes first 
identified by microarray analysis. In 
contrast, MPP + is restricted to 
phosphorylation of PERK and elF2a, 
resulting in up-regulation of a subset of 
genes induced by 6-OHDA (Holtz and 
O’Malley, 2003). 


Upregulation of ATF4 targets 
(AA-T, tRNA-S, CHOP) 


To aid in analyzing additional transcriptional changes generated from the 9-hour time point and 
our anticipated new data from the one and 6-hour points, we have developed protocols to 
analyze transcript levels using real time PCR. As an example, new primers for CHOP cDNA 
were prepared and used to reverse-transcribe total RNA from MN9D cells exposed to 6-OHDA 
or MPP + for 0,1, 3, 6, 9, or 12 hours. This cDNA was then analyzed using real time PCR. 
cDNA from the constitutively transcribed GAPDH gene was also analyzed to normalize the 
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CHOP values. The resulting data were used to determine the relative-fold induction of CHOP as 
a function of time exposed to 6-OHDA or MPP + . As shown in Fig. 2, the real time PCR results 
verified previous data indicating that CHOP is induced up to 6 and 8 fold by MPP + and 6-OHDA, 
respectively. 

D. Are neurotoxin-mediated changes in 
gene expression recapitulated in cultured 
dopaminergic neurons? 

To confirm and extend results obtained using the 
dopaminergic cell line model, we are using primary 
cultures of dopaminergic neurons. The advantages 
of using this paradigm include the ease of 
preparation and culture manipulation and the well- 
documented similarity in responses (Oh et al., 1995; 
Lotharius etal., 1999; Holtz and O’Malley, 2003). 

To determine whether UPR induction could be 
observed in mesencephalic cultures following 
neurotoxin treatment, Western blot analysis and 
immunocytochemistry were performed. Similar to 
Fig. 2. Real time PCR confirms microarray results: results from the dopaminergic MN9D cells, 6-OHDA 

cop is upreguiated by mpp + and 6 -ohda. increased levels of CHOP protein at 6 and 12 hours 

(Fig. 3). 6-OHDA also increased phosphorylation of 
elF2aand c-jun. In contrast, none of the markers seen in the dopaminergic cell line were up 
regulated in mesencephalic cultures treated with MPP + . 




Immunostaining of primary cultures with CHOP 
and phospho-c-jun antibodies allowed individual 
dopaminergic neurons to be examined via co¬ 
staining with TH. 6-OHDA treated cultures 
displayed intense nuclear staining of CHOP in 
both dopaminergic neurons as well as in many 
other cell types (Fig. 4). Cultures treated with 
MPP + did not appear different from controls in 
overall expression of CHOP, nor was CHOP 
induction detected in dopaminergic neurons over 
a 24-hour period. Similarly, increased expression 


Fig. 3. 6-OHDA up-regulates CHOP in 
primary mesencephalic neurons. Protein 
lysates were prepared from primary 
mesencephalic cultures treated with 6-OHDA 
and MPP + . Western blot analysis of primary 
lysates was done using antibodies against 
CHOP, phosphorylated eIF2a (p-elF2a), 
phosphorylated c-jun (p-c-jun), and Hsp60 as 
a protein loadina control. 


of phospho-c-jun was widespread with 6-OHDA 
treatment in both dopaminergic and non- 
dopaminergic neurons, whereas there was no 
obvious change in phosphorylation of c-jun 
following MPP + administration. Taken together, 
these results suggest that MPP + can induce a 
partial UPR response in the MN9D cell line but not 
in cultured dopaminergic neurons. In contrast, 6- 
OHDA induces a broad spectrum of UPR 


responses in both MN9D cells as well as in dissociated dopaminergic neurons. Thus, these cells 


will serve as a useful model in determining the temporal and molecular events associated with 


6-OHDA neurotoxicity. As new data become available from our additional microarray 
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experiments, we will continue screening both the MN9D cells as well as our primary culture 
model to confirm and extend these results. 



Fig. 4. 6-OHDA up-regulates CHOP and p-c-jun in dissociated dopaminergic neurons. Primary cultures treated for 18 
hours were fixed and stained for CHOP and TH. Primary cultures treated for 12 hours were fixed and stained for 
phospho-c-jun and TH. 

What are the signaling pathways involved in this response? In contrast to the well-delineated 
mitochondrial-mediated cell death pathways, ER stress/UPR signaling cascades are still 
unclear. Because identification of the initiators of this process will allow new therapeutic 
avenues to be pursued, we have used our microarray data to identify molecules that might be 
involved in this response. Potential candidates include the cysteinyl aspartate proteinases 
(caspases) that mediate programmed cell death and/or the so-called BH3-only proteins that 
affect many cellular processes to trigger cell death responses. 

Inasmuch as caspase 12 specifically localizes to ER membranes and has been shown to be 
cleaved in the course of ER stress/UPR mediated cell death (Nakagawa et al., 2000), caspase 
12 is a prime candidate for being the “ER stress mediator”. To test this hypothesis we looked for 
evidence of caspase 12 involvement in our model. Surprisingly, antibodies that easily 
recognized caspase 12 activation in control cells were unable to detect similarly sized proteins 
in either our dopaminergic cell line or primary culture model. Moreover, our microarray results 
suggested that caspase 12 transcripts were not present nor could we directly amplify caspase 
12 fragments using RT/PCR. Finally pre-treatment with inhibitors of the caspase 12 activators, 
calpains (I, II) failed to prevent CHOP or caspase 3 activation. Therefore, it would not appear 
that caspase 12 is triggering neurotoxin-mediated dopaminergic cell death. 

As indicated in Table 6, only caspase 2,3,7, and 9 are expressed in the MN9D cells. Because 
very recent studies have shown that caspase 2 may serve as an initiating caspase particularly in 
models that also involve ER stress/UPR (e.g. ^-amyloid toxicity; Troy and Shelanski, 2003), we 
screened our dopaminergic model for the presence and activation of caspase 2. Briefly, no 
evidence of caspase 2 activation was observed using real-time PCR, Western blotting 
techniques, activity assays, and/or caspase 2 inhibitors. Thus it would appear that caspase 2 
does not initiate cell death in this system. Previously we’ve shown caspase 3 activation 
beginning around 6 hours after 6-OHDA treatment (Jensen et al., 2003). Caspase 7 and 9 are 
also activated within that time frame (not shown). 
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The results described above have re-focused our attention on the BH3-only proteins. 

Previously, we have determined that pro-apoptotic Bax is not involved since Bax deficient 
animals do not rescue primary dopaminergic neurons from 6-OHDA or MPP + -mediated cell 
death (O’Malley et al., 2003). Similarly we’ve ruled out Bad and Bak (not published). However, 
this is a large family of proteins and new ones are discovered with regularity. We are in the 
process of systematically testing every known BH3-only protein as a possible mediator of this 
response. For example, BH3-only proteins, Bim and Bid are present in MN9D cells although 
their transcript levels do not change following 6-OHDA or MPP + treatment (Table 6), nor do their 
protein levels (not shown). Another BH3-only protein recently shown to mediate ER stress/UPR 
cell death is Bbc3/PUMA (Reimertz et al., 2003). Because this gene is not on the microarray 
that we originally screened, we’re using PCR based methodologies to determine whether it is 
present in MN9D cells and/or primary mesencephalic cultures and whether it is induced in 
response to ER stress/UPR. 


Key Research Accomplishments 

Analyzed hybridization patterns of normal and 9-hour toxin-treated cRNAs using in-house 
GeneChip Facility and Affymetrix 12,000 gene chip set. 

Verified differential regulation of particular gene subsets using RNA, Western blot, and 
immunocytochemical analysis in MN9D cells and cultured dopaminergic neurons. 

Discovered that both MPP + and 6-OHDA induce markers of ER stress. 

Prepared mRNA from normal, 6-OHDA and MPP + -treated dopaminergic cells at 1 and 6 hours 
post treatment. 

Established real time PCR techniques to evaluate microarray data. 

Initiated delineation of signaling pathways mediating neurotoxin responses. 


Reportable Outcomes 

A poster describing our initial studies was presented at the Society for Neuroscience Annual 
Meeting, 2002. 

A slide presentation describing our current studies will be presented at the Society for 
Neuroscience Annual Meeting, 2003. 

Initial studies were published as: Holtz WA and O’Malley KL (2003) Parkinsonian mimetics 
induce aspects of unfolded protein response in death of dopaminergic neurons. 

J Biol Chem. 278:19367-77. Epub 2003 Feb 21. 


Conclusions 

The central hypothesis of these studies is that changes in gene expression underlie much of the 
damage that ultimately leads to the death of dopaminergic neurons after treatment with 6-OHDA 
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or MPP + . Using DNA microarray technology we determined that both of these neurotoxins 
induce ER stress although not to the same degree. Identification of key genetic components of 
this response may suggest new points of intervention. Taken together, these experiments will 
help clarify the molecular mechanisms associated with 6-OHDA and MPP + toxicity and might aid 
in developing novel therapeutic avenues to pursue relevant to PD. 
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Table 5. Transcripts decreasing with 6-OHDA. fold change Signal log ratio 
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Table 6. Transcripts Related to Programmed Cell Death 


Gene 

Control 

MPP+ 

6-OHDA 

caspase 1 

absent 

absent 

absent 

caspase 2 

present 

no change 

no change 

caspase 3 

present 

no change 

no change 

caspase 6 

absent 

absent 

absent 

caspase 7 

present 

no change 

no change 

caspase 8 

absent 

absent 

absent 

caspase 9 

present 

no change 

no change 

caspase 11/4 

absent 

absent 

absent 

caspase 12 

absent 

absent 

absent 

caspase 14 

absent 

absent 

absent 

apafl 

present 

no change 

no change 

bax 

present 

no change 

no change 

bak 

present 

no change 

no change 

bad 

present 

no change 

no change 

boo/diva 

absent 

absent 

absent 

bim/bod 

present 

no change 

no change 

dp5/hrk 

absent 

absent 

absent 

bok 

present 

decreased 

decreased 

bid 

present 

no change 

no change 

bagl 

present 

no change 

no change 

bag2 

present 

no change 

no change 

bag3 

present 

no change 

no change 

bcl-2 

absent 

absent 

absent 

bcl-x 

absent 

absent 

absent 

bcl-w 

absent 

absent 

absent 

bcl-rambo 

present 

no change 

no change 
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Genes associated with Parkinson’s disease (PD) have 
suggested a role for ubiquitin-proteasome dysfunction 
and aberrant protein degradation in this disorder. Inas¬ 
much as oxidative stress has also been implicated in PD, 
the present study examined transcriptional changes me¬ 
diated by the Parkinsonism-inducing neurotoxins 6-hy- 
droxydopamine (6-OHDA) and l-methyl-4-phenylpyri- 
dinium (MPP + ) in a dopaminergic cell line. Microarray 
analysis of RNA isolated from toxin treated samples re¬ 
vealed that the stress-induced transcription factor 
CHOP/Gaddl53 was dramatically up-regulated by both 
6-OHDA and MPP + . Treatment with 6-OHDA also in¬ 
duced a large number of genes involved in endoplasmic 
reticulum stress and unfolded protein response (UPR) 
such as ER chaperones and elements of the ubiquitin- 
proteasome system. Reverse transcription-PCR, West¬ 
ern blotting, and immunocytochemical approaches 
were used to quantify and temporally order the UPR 
pathways involved in neurotoxin-induced cell death. 
6-OHDA, but not MPP + , significantly increased hall¬ 
marks of UPR such as BiP, c-Jun, and processed Xbpl 
mRNA. Both toxins increased the phosphorylation of 
UPR proteins, PERK and eIF2a, but only 6-OHDA in¬ 
creased phosphorylation of c-Jun. Thus, 6-OHDA is ca¬ 
pable of triggering multiple pathways associated with 
UPR, whereas MPP + exhibits a more restricted re¬ 
sponse. The involvement of UPR in these widely used 
neurotoxin models supports the role of ubiquitin-pro¬ 
teasome pathway dysfunction in PD. 


Parkinson’s disease (PD) 1 involves an irreversible degener¬ 
ation of the dopaminergic nigrostriatal pathway, resulting in 
marked impairments of motor control. Although the etiology of 
PD remains unknown, both genetic and environmental factors 
appear to play a role. For example, three genes and several 
putative loci have been identified (1), including two autosomal 
dominant mutations of the a-synuclein gene, that were linked 
to rare familial early-onset PD (2, 3). a-Synuclein was subse- 


* This work was supported by NIH Grant NS39084 and Department 
of Defense Grant DAMD170110777. The costs of publication of this 
article were defrayed in part by the payment of page charges. This 
article must therefore be hereby marked “advertisement” in accordance 
with 18 U.S.C. Section 1734 solely to indicate this fact. 

$ To whom correspondence should be addressed: Anatomy and Neu¬ 
robiology Department, Washington University School of Medicine, Box 
8108, 660 S. Euclid Ave., St. Louis, MO 63110. Tel.: 314-362-7087; Fax: 
314-362-3446; E-mail: omalleyk@pcg.wustl.edu. 

1 The abbreviations used are: PD, Parkinson's disease; 6-OHDA, 
6-hydroxydopamine; MPP + , l-methyl-4-phenylpyridinium; UPR, un¬ 
folded protein response; RT, reverse transcription; ER, endoplasmic 
reticulum; MPTP, A-methyl-4-phenyl-1,2,3,6-tetrahydroyridine; PBS, 
phosphate-buffered saline; PERK, PKR-like ER kinase; SAPK, stress- 
activated protein kinase; JNK, c-Jun N-terminal kinase; ANOVA, anal¬ 
ysis of variance; TH, tyrosine hydroxylase; elF, eukaryotic initiation 
factor. 


quently shown to be the major component of Lewy bodies, the 
hallmark inclusion of PD (4). Parkin, a second gene with mu¬ 
tations associated with PD (5), has been shown to be an ubiq- 
uitin-protein isopeptide ligase (6). Loss of Parkin activity is 
linked to endoplasmic reticulum (ER) stress and unfolded pro¬ 
tein response (UPR; Refs. 7 and 8). Finally, a missense muta¬ 
tion in the gene encoding ubiquitin C-terminal hydrolase LI is 
also associated with rare cases of PD (9). Thus, aggregation of 
a-synuclein together with defects in the ubiquitin pathway 
support the notion that a dysfunctional ubiquitin-proteasome 
system in which aberrant proteins are not cleared may play a 
major role in PD. The role of proteasomal impairment has been 
further emphasized by recent reports that pharmacological 
inhibition of proteasome function leads to selective degenera¬ 
tion of dopaminergic neurons in culture (10) as well as in vivo 
(11). In particular, cell death was associated with increased 
cytoplasmic levels of a-synuclein and ubiquitin, as well as the 
formation of inclusion bodies (10, 11). Taken together, accumu¬ 
lating genetic and molecular evidence suggests that defects in 
ER and ubiquitin-proteasomal processing contribute to the 
pathogenesis of PD. 

Because PD is largely restricted to dopaminergic neurons 
and because dopamine is easily oxidized in vitro and in vivo to 
a variety of neurotoxic metabolites, dopamine itself is consid¬ 
ered a major factor in this disorder. For example, dopamine is 
readily oxidized to highly cytotoxic quinone molecules via at 
least three different enzymatic pathways (for review see Ref. 
12). Moreover, in the presence of transition metals and hydro¬ 
gen peroxide, dopamine can be converted to 6-OHDA (for re¬ 
view see Ref. 13), a highly potent endogenous neurotoxin 
widely used to create animal models of PD (13). Both 6-OHDA 
and other dopamine quinine derivatives have been found in 
post-mortem Parkinsonian brains (14-16), a finding that, to¬ 
gether with the extensive studies documenting 6-OHDA-in- 
duced nigral degeneration, underscores the role dopamine 
plays in its own demise. 

Similarly, another PD mimetic, AT-methyl-4-phenyl-l,2,3,6- 
tetrahydroyridine (MPTP) or its active derivative, MPP + , is 
also thought to induce oxidative stress and impair energy me¬ 
tabolism (for review see Ref. 17). The original finding that 
human exposure to MPTP results in PD (18) has been repli¬ 
cated in various animal models including non-human primates 
(for review see Ref. 17). Thus, both 6-OHDA and MPP + have 
been shown to produce reactive oxygen species and to inhibit 
mitochondrial complex I, as well as to mimic many behavioral, 
pharmacological, and pathological symptoms of this disorder 
(for review see Refs. 13,17, and 19). Despite these parallels, the 
molecular mechanisms by which these neurotoxins kill cells 
remain unclear. Further, their relevance to emerging genetic 
and pharmacological models investigating ubiquitin-protea¬ 
some pathway dysfunction and protein aggregation has yet to 
be studied. 


This paper is available on line at http://www.jbc.org 
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Role of UPR in 6-OHDA and MPP + Toxicity 


Previous results from this laboratory and others have dem¬ 
onstrated that 6-OHDA and MPP + trigger morphologically dis¬ 
tinct forms of cell death in the dopaminergic cell line MN9D 
and mouse primary mesencephalic cultures (13, 20, 21). Mark¬ 
ers of apoptosis such as chromatin condensation and caspase-3 
cleavage are widespread in cells treated with 6-OHDA, but not 
with MPP + . Despite the different forms of cell death induced by 
either toxin, both types of cell death seem to be dependent on de 
novo protein synthesis (22, 23). However, few studies of gene 
expression in 6-OHDA or MPP + -induced dopaminergic cell 
death models have been done. Presumably, this is a result of 
the scarcity and heterogeneity of the tissue involved as well as 
the technical limitation in analyzing a few genes at a time. 
Thus, at present, there is no information about the coordinated 
patterns of gene expression involved in 6-OHDA or MPP + 
toxicity. 

To unravel biological processes occurring in response to 
6-OHDA and MPP + , we used microarray analysis of RNA iso¬ 
lated from the dopaminergic cell line MN9D (24) as a starting 
point to identify possible pathways induced by these Parkinso¬ 
nian mimetics. These cells have been shown to mimic many 
aspects of the dopaminergic cell type from which they were 
immortalized (20-25). Capitalizing on the homogeneity and 
similarity in response of MN9D cells, the present study used 
microarray results, in addition to RT-PCR, Western blotting, 
and immunocytochemical approaches, to reveal that 6-OHDA 
triggers three separate signaling pathways associated with ER 
stress and UPR, whereas MPP + seems to only involve one such 
signaling pathway. The unexpected identification of UPR in¬ 
duction in these models of dopaminergic cell death increases 
our understanding of how they may function to mimic the 
disease state and supports the theory that aberrations in the 
ubiquitin-proteasome pathway play an important role in PD. 

MATERIALS AND METHODS 

Cell Cultures —For primary cultures, the ventral mesencephalon was 
removed from embryonic day 14 CF1 murine embryos (Charles River 
Laboratories, Wilmington, MA) as described previously (21). Briefly, 
tissues were mechanically dissociated, incubated with 0.25% trypsin 
and 0.05% DNase in PBS for 20 min at 37 °C, and further triturated 
using a constricted Pasteur pipette. All plates were pre-coated over¬ 
night at room temperature with 0.5 mg/ml poly-D-lysine (Sigma) fol¬ 
lowed by 2.5 pg/ml laminin (BD Biosciences, San Jose, CA) for 2 h at 
37 °C. Cells were maintained in serum-free Neurobasal medium (In- 
vitrogen) supplemented with IX B27 supplement (Invitrogen), 0.5 mM 
L-glutamine (Sigma), and 0.01 pg/ml streptomycin plus 100 units of 
penicillin. Half of the culture medium was replaced with fresh Neuro¬ 
basal medium on the third and fifth day following plating. All experi¬ 
ments were conducted after 6 days in vitro. 

MN9D cells were plated on dishes coated with 0.5 mg/ml poly-D- 
lysine for 1 h at 37 °C and then rinsed with sterile H 2 0. Cells were 
maintained in Iscove’s Dulbecco’s modified Eagle’s medium with 10% 
fetal bovine serum in an incubator with 10% C0 2 at 37 °C. Cells were 
switched to serum-free Iscove’s Dulbecco’s modified Eagle’s medium/ 
F-12 supplemented with IX B27 prior to addition of experimental 
agents. 

Cycloheximide Treatment and Determination of Cell Viability — 
MN9D cells were plated at a density of 40,000 cells/well in 24-well 
plates and treated after 3 days. One pg/ml cycloheximide (Calbiochem, 
La Jolla, CA) was added either immediately prior to, or at times fol¬ 
lowing, addition of 100 fjM 6-OHDA with ascorbic acid (dissolved in 
boiled water; Sigma) or 75 MPP + (Sigma). After 48 h, cell survival 
was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra- 
zolium bromide reduction assay as previously described (22). 

Microarray Analysis —MN9D cells were plated at a density of 
200,000 cells/well in six-well plates. After 3 days, cells were treated 
with 75 /xM 6-OHDA or 75 jllM MPP + , or left untreated for control 
comparisons. Total RNA was isolated after 9 h of neurotoxin treatment 
using an RNeasy kit (Qiagen, Valencia, CA) according to the protocol 
from the manufacturer. Equal amounts of total RNA from three inde¬ 
pendent neurotoxin treatments were pooled together for each GeneChip 
hybridization experiment. Two separate GeneChip hybridizations of 


pooled, treated, and control RNA were performed, representing six 
independent experiments. A minimum of 20 jug/sample of total RNA 
was sent to the Alvin J. Siteman Cancer Center GeneChip Core Facility 
(Washington University, St. Louis, MO) for generation of labeled cRNA 
target and hybridization against Affymetrix Murine Genome U74Av2 
GeneChip arrays (Santa Clara, CA) using standard protocols (path- 
box, wustl.edu/~mgacore). Data were analyzed by Affymetrix Microar¬ 
ray Suite version 5.0, as well as Spotfire Decision Site for Functional 
Genomics (Somerville, MA). For those transcripts designated both 
“present” and “increasing” in each replicate by the software, a threshold 
of an average signal log ratio greater than 0.5 (~1.5-fold change) was 
set. Transcripts for which signal was less than 3% of the maximum 
signal were filtered out. 

Reverse Transcription-PCR —MN9D cells were plated and treated 
exactly as described for microarray experiments. Total RNA was ex¬ 
tracted after 1, 3, 6, 9, and 12 h. Primers to 18 S ribosomal RNA (26) 
were used to standardize amounts of RNA in each sample. RNA was 
reverse transcribed using gene-specific reverse primers, and resulting 
cDNAs were PCR-amplified. PCR primer sequences used were: CHOP 
(+) and CHOP (-) described in Ref. 27, BiPFwd (TGACTGGAATTC- 
CTCCTGCT) and BiPRev (AGTCTTCAATGTCCGCATCC), c-junFwd 
(GCTGAACTGCATAGCCAGAA) and c-junRev (CTTGATCCGCTCCT- 
GAGACT), and XbplFwd (TAGAAAGAAAGCCCGGA TGA) and 
XbplRev (CTCTGGGGAAGGACATTTGA). PCR products were re¬ 
solved on a 4% PAGE gel and analyzed with Vistra Green (Amersham 
Biosciences) detection and quantitative fluoroimaging. 

Western Blot Analysis —For MN9D Western blots, cells were plated 
and treated exactly as described for microarray experiments. For pri¬ 
mary culture Western blots, 600,000 cells/well were plated in six-well 
plates and treated on the 6th day in vitro with 40 (x M 6-OHDA or 1 jjM 
MPP + (21). MN9D lysates were taken at 1, 3, 6, 9, and 12 h, and 
primary lysates were taken at 6 and 12 h. Cells were washed once with 
PBS and harvested in ice-cold radioimmune precipitation assay buffer 
(150 mM NaCl, 1% Nonidet P-40, 0.5% NaDoc, 0.1% SDS, 50 mM Tris, 
pH 8.0) with protease inhibitor mixture (Roche, Mannheim, Germany) 
and placed on ice for 30 min. Insoluble cell debris was removed by 
centrifugation, and the protein concentration of cell lysates was deter¬ 
mined by the Bio-Rad protein assay. Equal amounts of protein were run 
on SDS-PAGE gels and then transferred to polyvinylidene difluoride 
membranes (Bio-Rad). Mouse monoclonal antibody against CHOP/ 
Gaddl53 (1:100) and goat polyclonal antibodies against Hsp60 (1:500) 
and BiP/Grp78 (1:125) were purchased from Santa Cruz Biotechnolo¬ 
gies (Santa Cruz, CA). Rabbit polyclonal antibodies against cleaved 
caspase-3, phospho-c-Jun, phospho-eIF2a, and phospho-PERK (all 
1:1,000) were purchased from Cell Signaling Technologies (Beverly, 
MA). After incubation with appropriate primary and horseradish per¬ 
oxidase-conjugated secondary antibodies (anti-mouse 1:5000, Sigma; 
anti-goat 1:5000, Jackson Immunoresearch, West Grove, PA; or anti¬ 
rabbit 1:2000, Cell Signaling Technologies), specific protein bands 
were detected and analyzed by enhanced chemiluminescence sub¬ 
strate detection (ECL Plus; Amersham Bio sciences) and quantitative 
fluoroimaging. 

Immunocytochemistry —MN9D cells were plated at a density of 
300,000 cells/well on a four-well chamber slide. Twelve hours after 
plating, cells were treated with 75 pM 6-OHDA or 75 julm MPP + and 
fixed 12 h later with 4% paraformaldehyde in PBS. Primary culture 
cells were plated at a density of 100,000 cells/35-mm microwell plate 
(1.25 X 10 3 cells/mm 2 ; MatTek Corp., Ashland, MA). On day 6 in vitro , 
cells were treated with 40 fiu 6-OHDA or 1 fjM MPP + , and fixed after 
12, 18, or 24 h with 4% paraformaldehyde in PBS. Cultures were 
double-stained with either mouse monoclonal anti-CHOP (1:300) or 
rabbit polyclonal anti-phospho-c-Jun (1:500), together with rabbit poly¬ 
clonal (1:500; Pel-Freez, Rogers, AR) or mouse monoclonal (1:2,500; 
Immunostar, Hudson, WI) antibodies against the dopaminergic neuron 
marker TH, respectively. Secondary antibodies conjugated with Cy3 
(anti-mouse and anti-rabbit 1:300) and Alexa488 (anti-mouse 1:500; 
anti-rabbit 1:2000) were used. Cells were imaged using an Olympus 
Fluoview confocal microscope. 

Statistics —GraphPad Prism software (San Diego, CA) was used for 
statistical analysis. The significance of effects between control and drug 
conditions was determined by one-way ANOVA as indicated and post 
hoc Dunnett’s multiple comparison tests (GraphPad Prism software). 

RESULTS 

Cell Death Induced by 6-OHDA and MPP + Is Blocked by 
Inhibition of Macromolecular Synthesis —Previous studies 
have characterized 6-OHDA-induced cell death as a caspase- 
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CHX added hours 
following neurotoxfn 

Fig. 1. New protein synthesis is required for MPP + - and 
6-OHDA-induced cell death. MN9D cells were treated with 100 pM 
6-OHDA ( squares ) or 75 pM MPP + {triangles). One /xg/ml cycloheximide 
( CHX) was added either immediately prior to or at various times fol¬ 
lowing neurotoxin addition. Cell survival was determined by 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay and ex¬ 
pressed as a percentage of survival compared with control cultures 
treated with cycloheximide alone. Values represent mean ± S.E., n = 4. 
**, p < 0.01 compared with control (one-way ANOVA with post-hoc 
Dunnett’s multiple comparison test). Error bars of less than 2% are 
buried in the symbol. 

dependent, apoptotic process, whereas MPP + -induced cell 
death can occur independent of caspase activation, and without 
canonical markers of apoptosis (13, 20, 21, 28). Some forms of 
apoptotic and non-apoptotic cell death require de novo synthe¬ 
sis of cell death proteins (29, 30), whereas others do not (31, 32). 
To determine whether 6-OHDA- or MPP + -induced cell death 
require de novo macromolecular synthesis, cultures were 
treated with the protein synthesis inhibitor cycloheximide. Ad¬ 
dition of 1.0 ixg/m\ cycloheximide together with 100 /am 
6-OHDA or 75 pM MPP + provided significant protection. In 
contrast, delaying addition of cycloheximide following neuro¬ 
toxin treatment resulted in increasing cell death in a time-de- 
pendent manner (Fig. 1). These data indicate that, although 
6-OHDA induces an apoptotic form of cell death and MPP + 
does not, both types of cell death require de novo protein syn¬ 
thesis. Therefore, it may be possible to identify changes in gene 
expression associated with the cell death process. 

Microarray Analysis Identifies Distinct Changes in Gene Ex¬ 
pressionfollowing 6-OHDA and MPP + Treatment —Microarray 
analysis was used to examine the expression profile of a large 
number of transcripts. Out of the ~ 12,000 genes and expressed 
sequence tags represented on the MG-U74Av2 GeneChip, 
4,304 (—35% of total) were defined as “present” by the microar¬ 
ray analysis software for MPP + -treated samples. Similarly, 
4,580 (—37% of total) were defined as present for 6-OHDA- 
treated samples. Transcripts were subsequently grouped by 
individual toxin treatment, or by both 6-OHDA and MPP + (Fig. 
2). Notably, 6-OHDA treatment affected almost three times as 
many transcripts as MPP + . Specifically, 153 transcripts in¬ 


creased in response to 6-OHDA, whereas only 55 transcripts 
increased in response to MPP '. Results for decreasing tran¬ 
scripts were similar (data not shown). Both neurotoxins in¬ 
duced a number of the same transcripts, with 39 of the 55 
transcripts induced by MPP + also induced by 6-OHDA (Table 
I). These included genes involved in cell cycle and/or differen¬ 
tiation, signaling, stress, and transcription factors, indicating 
possible common cell death mechanisms. The most highly in¬ 
duced transcript in response to either treatment was that to 
the stress protein CHOP/Gaddl53. 6-OHDA also induced a 
large number of transcripts that were unchanged by MPP + 
treatment, including molecular chaperones and other genes 
involved in protein folding, trafficking, and the ubiquitin-pro- 
teasome pathway (Table II). These results support previous 
findings showing that MPP + and 6-OHDA promote distinct yet 
overlapping programs of cell death. 

CHOP Is Induced in Response to 6-OHDA and MPP + —To 
confirm the microarray findings that CHOP mRNA was up- 
regulated by 6-OHDA and MPP + in MN9D cells, RT-PCR was 
performed (Fig. 3A). 6-OHDA induced a large and rapid induc¬ 
tion of CHOP mRNA that peaked between 6 and 9 h. MPP + 
induction of CHOP mRNA lagged behind that of 6-OHDA, but 
continued to increase for at least 12 h (Fig. 3, A and C). These 
data are consistent with the GeneChip results from a 9-h time 
point showing greater induction with 6-OHDA than with 
MPP + (Fig. 2 and Table I). Western blotting of MN9D total cell 
lysates confirmed that levels of CHOP protein were also in¬ 
creasing (Fig. 3, B and C). Again, 6-OHDA induced a larger and 
more rapid increase in protein expression than did MPP + (Fig 
30. To visualize CHOP induction in situ (Fig. 3D), treated cells 
were fixed, stained, and imaged using confocal microscopy. 
Control cultures had dim, diffuse staining, whereas both 
6-OHDA and MPP + treated cells showed intense nuclear stain¬ 
ing. This localization is consistent with the role of CHOP as a 
transcription factor. Together, these results confirm and ex¬ 
tend the GeneChip findings that toxin treatment of dopamin¬ 
ergic cells leads to an up-regulation of CHOP mRNA and pro¬ 
tein levels. 

RT-PCR Reveals Markers of Unfolded Protein Response Are 
Up-regulated by 6-OHDA and MPP + Treatment —CHOP is up- 
regulated by a variety of cellular stresses including ER stress 
(27, 33-35). Following confirmation of CHOP induction, further 
analysis of GeneChip results revealed a pattern of induction of 
other stress-induced genes including many involved in UPR 
(Fig. 2, Tables I and II). These included molecular chaperones 
such as BiP/Grp78 and UPR-induced transcription factors 
other than CHOP (Atf4 and Xbpl). To examine the role that 
UPR may play in 6-OHDA and MPP + toxicity, induction of 
these transcripts was verified by RT-PCR (Fig. 4, A and B). BiP 
is an ER-resident chaperone protein central to UPR (36). Lev¬ 
els of BiP mRNA were increased greater than 2-fold over con¬ 
trol from 6 to 12 h following 6-OHDA exposure. BiP expression, 
however, decreased slightly in response to MPP + exposure over 
12 h. These results were consistent with GeneChip results at 
9 h for both 6-OHDA and MPP + (Table II). Although not 
specific to ER stress, activation of the c-Jun N-terminal kinase/ 
stress-activated protein kinase pathway (JNK/SAPK) occurs 
during UPR (37, 38). Expression of c-Jun mRNA was increased 
rapidly by 6-OHDA and then maintained at levels 5-6-fold that 
of control from 3 to 12 h following exposure. MPP + treatment 
resulted in a rapid induction of c-Jun mRNA to 3-fold that of 
control at 1 h, identical to exposure to 6-OHDA. However, 
MPP + induction of c-Jun mRNA was not sustained and re¬ 
turned to control levels by 9 h. 

Another feature of the UPR pathway is the non-conventional 
removal of 26 base pairs of Xbpl mRNA by the ER membrane 
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Fig. 2. Microarray analysis reveals 
both common and distinct transcrip¬ 
tional changes induced by 6-OHDA 
and MPP*. Total RNA from MN9D cells 
treated with 6-OHDA or MPP + in addi¬ 
tion to untreated control was used for Af- 
fymetrix MG-U74Av2 GeneChip array 
probe hybridization. Data were analyzed 
by Affymetrix Microarray Suite version 5 
as well as Spotfire Decision Site for Func¬ 
tional Genomics. Transcriptional changes 
were defined as described in the text. 
Large plot shows known genes induced by 
6-OHDA or MPP + treatment plotted as 
average -fold induction on thex axis andy 
axis, respectively, with a scale of log 2 . 
Several genes of interest have been la¬ 
beled (see Tables I and II for abbrevia¬ 
tions used). Independent of their position 
on the plot, genes were grouped according 
to those induced by 6-OHDA but not in¬ 
duced by MPP + {green squares ), those in¬ 
duced by MPP + but not induced by 
6-OHDA (gray triangles ), or those in¬ 
duced by both 6-OHDA and MPP + ( blue 
circles ). Inset shows all —12,000 genes 
represented on the Affymetrix MG- 
U74Av2 GeneChip. Red points represent 
the 169 increasing genes identified as de¬ 
scribed in text. 
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Table I 

Genes increased by both 6-OHDA and MPP + 
Table lists 18 of 39 transcripts increased by both 6-OHDA and MPP + . 


Gene symbol 

Gene name 

Change 

6-OHDA 

MPP+ 



fold 

Gaddl53 

CHOP/Gaddl53 

26.0 

9.2 

Atf3 

Activating transcription factor 3 

9.8 

2.6 

Cebpb 

CCAAT/enhancer-binding protein C/EBP-J3 

4.6 

4.0 

Sqstml 

Sequestosome 1 

7.0 

1.9 

MydllG 

Myeloid differentiation primary response gene 116 

4.3 

2.3 

Gtpbp2 

GTP-binding protein 2 

2.9 

3.2 

Lbcll 

Lymphoid blast crisis-like 1 (cell growth and maintenance) 

2.5 

2.1 

Cars 

Cysteinyl-tRNA synthetase 

2.2 

2.1 

Slcla4 

Neutral amino acid transporter 

1.7 

2.4 

Atf4 

Activating transcription factor 4 

2.0 

1.9 

Gas5 

Growth arrest-specific 5 

2.1 

1.7 

Eif4ebpl 

Eukaryotic translation initiation factor 4E binding protein 1 

1.6 

2.0 

Slc7a5 

Solute carrier family 7 cationic amino acid transporter 

1.5 

1.9 

Glytl 

Glycine transporter 1 

1.6 

1.7 

Clic4 

Chloride intracellular channel 4 mitochondrial 

1.5 

1.8 

Clcn3 

Chloride channel 3 

1.8 

1.5 

Wars 

Tryptophanyl-tRNA synthetase 

1.6 

1.6 

Hspa9a 

Heat shock protein cognate 74 (mitochondrion) 

1.6 

1.5 


resident protein, Irela/j3, under conditions of ER stress (39, 
40). Moreover, levels of unprocessed Xbpl mRNA are also in¬ 
creased by ER stress. In response to 6-OHDA but not MPP + , 
Xbpl was induced almost 2-fold according to the GeneChip 
analysis (Fig. 2, Table II). To determine whether Xbpl mRNA 
was processed, primers flanking the excised portion of Xbpl 
mRNA were used to reveal a shift in size of the RT-PCR product 


(Fig. 4A). As indicated in Fig. 4 B, 6-OHDA produced a large, 
transient induction of processed Xbpl mRNA peaking at 3-6 h 
and returning to near control levels after 12 h. In contrast, 
MPP + treatment resulted in a sustained inhibition of Xbpl 
mRNA processing from 3 to 12 h. 

Western Blotting Reveals Markers of Unfolded Protein Re¬ 
sponse Are Up-regulated by 6-OHDA and MPP + Treatment — 
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Table II 

Genes increased by 6-OHDA only 

Table lists 21 of 114 transcripts increased by 6-OHDA, but not by MPP'\ 


Gene symbol 

Gene name 

Change 

6-OHDA 

MPP + 



fold 

Dnajb9 

DNA j protein b9 

7.0 

0.7 

Herpudl 

ER stress-inducible ubiquitin-like domain member 1 

6.5 

1.3 

Hmoxl 

Heme oxygenase decycling 1 

5.7 

1.5 

Hspa5 

Bip/Grp78 

3.0 

0.5 

Ubc 

ubiquitin C 

2.8 

0.8 

Bag3 

Bcl2-associated athanogene 3 (cytosol anti-apoptotic) 

2.6 

1.0 

Tral 

Tumor rejection antigen gp96 (chaperone calcium binding) 

2.3 

0.8 

Sec23b 

SEC23B Saccharomyces cerevisiae (ER intracellular protein trafficking) 

2.1 

1.0 

For 

P450 cytochrome oxidoreductase 

2.1 

1.0 

Txnrdl 

Thioredoxin reductase 1 

1.9 

1.0 

Spcl8 

Signal peptidase complex 18-kDa 

1.9 

0.9 

Arhb 

Aplysia Ras-related homolog B RhoB 

1.8 

1.0 

Xbpl 

X-box-binding protein 1 

1.7 

0.7 

Hsc70t 

Heat shock protein cognate 70 testis 

1.7 

0.9 

Sec23a 

SEC23A S. cerevisiae (ER intracellular protein trafficking) 

1.6 

1.0 

Ppib 

Peptidylprolyl isomerase B 

1.6 

1.0 

Grp58 

grp58 kDa (protein-disulfide isomerase) 

1.6 

0.7 

Psmd4 

Proteasome 26 S subunit, non-ATPase, 4 

1.5 

1.1 

SlOOalO 

Calcium-binding protein All calgizzarin 

1.5 

0.9 

Sec61g 

SEC61 gamma subunit S. cerevisiae 

1.5 

0.9 

Uchll 

Ubiquitin C-terminal hydrolase LI 

1.5 

1.1 


Induction of the UPR pathway triggers not only transcriptional 
changes, but also involvement of protein kinase signaling path¬ 
ways. One such pathway is that of JNK/SAPK, activation of 
which leads to phosphorylation of c-Jun (37, 38). In addition to 
changes in c-Jun mRNA expression (Fig. 4, A and 5), Western 
blot analysis using antibodies against phospho-c-Jun indicated 
that 6-OHDA administration increased phosphorylation of c- 
Jun ~6-fold over control levels at 9-12 h (Fig. 5, A and B). In 
contrast, treatment with MPP + induced a transient increase of 
phosphorylated c-Jun at 3 h, returning to control levels by 6-9 
h. These data are consistent with the RT-PCR results indicat¬ 
ing a slight, early MPP + mediated increase in c-Jun mRNA 
that was not sustained (Fig. 4, A and B). Taken together these 
results indicate that cellular responses to 6-OHDA led to the 
activation of the JNK/SAPK pathway. 

Another consequence of UPR is translational attenuation 
caused by phosphorylation of eIF2a by the ER membrane res¬ 
ident kinase PERK. Western blotting using antibodies against 
phospho-eIF2 a revealed that both 6-OHDA- and MPP 4 -medi¬ 
ated toxicity resulted in eIF2a phosphorylation (Fig. 5, A and 
B). Specifically, MPP + exposure induced a rapid, transient 
response, whereas 6-OHDA exposure resulted in sustained 
phosphorylation of eIF2a from 3 to 12 h. The eIF2a kinase 
PERK is itself activated by phosphorylation, and Western re¬ 
sults indicated that MPP + induced PERK phosphorylation in a 
profile almost identical to eIF2a phosphorylation. In contrast, 
PERK phosphorylation induced by 6-OHDA exhibited delayed 
kinetics, staying at baseline levels for 3 h following treatment, 
and then rising 3-fold over the next 9 h. BiP protein levels showed 
a slight increase over 12 h with 6-OHDA treatment, but not with 
Mpp + (Fig. 5A), again consistent with both GeneChip and RT- 
PCR data. In accordance with previous reports that 6-OHDA 
induced apoptosis (20, 21), but MPP + does not, activated 
caspase-3 was detected only in 6-OHDA-treated cultures (Fig. 
5A). Collectively, these data reveal that many components of 
UPR, including multiple signaling pathways, were up-regulated 
in response to 6-OHDA toxicity. In contrast, treatment with 
MPP + led to the up-regulation of some, but not all, markers of 
UPR. Thus, MPP + may ultimately lead to dopaminergic cell 
death by a pathway that is at least partially independent of UPR. 

6-OHDA , but Not MPP + , Induces Components of the UPR 
Pathway in Primary Mesencephalic Cultures —To determine 


whether UPR induction could be observed in primary mesen¬ 
cephalic cultures following neurotoxin treatment, Western blot 
analysis and immunocytochemistry were performed. Similar to 
results from the dopaminergic MN9D cells, 6-OHDA increased 
levels of CHOP protein at 6 and 12 h (Fig. 6A). 6-OHDA also 
increased phosphorylation of eIF2u and c-Jun. In contrast, 
none of the markers seen in the dopaminergic cell line were 
up-regulated in mesencephalic cultures treated with MPP + . 
Neither 6-OHDA nor MPP + induced significant changes in 
levels of BiP protein over 12 h (data not shown). 

Immunostaining of primary cultures with CHOP and phos- 
pho-c-Jun antibodies allowed individual dopaminergic neurons 
to be examined via co-staining with TH. 6-OHDA-treated cul¬ 
tures displayed intense nuclear staining of CHOP in both do¬ 
paminergic neurons as well as in many other cell types. Cul¬ 
tures treated with MPP 1 did not appear different from controls 
in overall expression of CHOP, nor was CHOP induction de¬ 
tected in dopaminergic neurons over a 24-h period. Similarly, 
increased expression of phospho-c-Jun was widespread with 
6-OHDA treatment in both dopaminergic and non-dopaminer- 
gic neurons, whereas there was no obvious change in phospho¬ 
rylation of c-Jun following MPP + administration. Taken to¬ 
gether, these results suggest that MPP + can induce a partial 
UPR response in the MN9D cell line but not in cultured do¬ 
paminergic neurons. In contrast, 6-OHDA induces a broad 
spectrum of UPR responses in both MN9D cells as well as in 
dissociated dopaminergic neurons. Thus, these cells will serve 
as a useful model in determining the temporal and molecular 
events associated with 6-OHDA neurotoxicity. 

DISCUSSION 

Accumulating evidence suggests that ER stress induced by 
aberrant protein degradation plays a role in PD. Beginning 
with a functional genomics approach to identify transcriptional 
alterations in a well characterized model of 6-OHDA and MPP + 
toxicity, the present study identified numerous changes in 
genes associated with UPR. Notably, a major target of the UPR 
pathway, the transcription factor CHOP, was dramatically up- 
regulated at both the mRNA and protein levels by either 
6-OHDA or MPP 4 . Moreover, 6-OHDA activated numerous 
other markers of UPR including BiP, splicing of Xbpl mRNA, 
the JNK/SAPK pathway, as well as proteins involved in the 
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Fig. 3. CHOP is up-regulated following 6-OHDA and MPP + administration. Treatment with 6-OHDA and MPP + increased levels of 
CHOP mRNA isolated from MN9D cells as detected by RT-PCR (A) and levels of CHOP protein isolated from MN9D cells as detected by Western 
blot analysis ( B ). Equivalent loading was monitored by 18 S rRNA and Hsp60, respectively. C, quantification of CHOP mRNA and protein induced 
by 6-OHDA ( squares ) and MPP + (; triangles ) was performed as described in text. Values represent mean ± S.E. of triplicate RT-PCRs and Western 
blots. *, p < 0.05; **, p < 0.01 compared with untreated control (one-way ANOVA with post-hoc Dunnett’s multiple comparison test). Error bars 
of less than 2% are buried in the symbol. D, MN9D cells were fixed after 12 h of neurotoxin treatment and stained with an antibody against CHOP. 
Left panels are phase bright images showing the morphology of MN9D cells. Middle panels show CHOP immunostaining. Nuclear localization of 
CHOP can be observed in the merged right panels. 
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Fig. 4. 6-OHDA, but not MPP + , in¬ 
duced transcriptional changes down¬ 
stream of Irela//3 and ATF6 UPR 
pathways. A , total RNA was isolated 
from MN9D cells treated with 6-OHDA 
and MPP + and used for reverse transcrip¬ 
tion and semiquantitative RT-PCR using 
primer pairs to BiP/Grp78, c-Jun, and 
Xbpl. RT-PCR products were separated 
on a 4% PAGE gel and visualized with 
Vistra Green staining. Equal loading was 
monitored by 18 S rRNA RT-PCR. Xbpl 
RT-PCR resulted in two products repre¬ 
senting the unprocessed ( upper, single ar¬ 
rowhead) and processed (lower; double ar¬ 
rowhead) forms of Xbpl mRNA. B, 
quantification of RT-PCR products in¬ 
duced by 6-OHDA ( squares ) and MPP + 
(triangles) was performed as described in 
text. Values represent mean ± S.E. of 
triplicate RT-PCRs. *, p < 0.05, **, p < 
0.01 compared with untreated control 
(one-way ANOVA with post-hoc Dun- 
nett’s multiple comparison test). Error 
bars of less than 2% are buried in the 
symbol . 



attenuation of translation such as PERK and eIF2«. In con¬ 
trast, MPP + effects appeared restricted to events associated 
with PERK and eIF2a phosphorylation. In confirmation of 
these cell line results, 6-OHDA also triggered UPR responses in 
primary cultures of dopaminergic neurons. Collectively these 
data emphasize that 6-OHDA and MPP + induce distinct cell 
death responses. Inasmuch as 6-OHDA is widely used to create 
animal models of PD, the present findings further support the 
notion that ER stress and ubiquitin-proteasome dysfunction is 
associated with this disorder. 

Biological Sequelae Associated with PD Mimetics —Oxidative 
stress and mitochondrial dysfunction have long been impli¬ 
cated in PD (41). Because of this, two neurotoxins exhibiting 
specificity toward dopaminergic neurons, 6-OHDA and MPP + , 
are commonly used to model nigral degeneration. 6-OHDA is a 
potent inducer of oxidative stress that can be endogenously 
converted from dopamine (13). Dopamine quinone derivatives 
including 6-OHDA have been found in post-mortem PD brains 
(14-16), implicating dopamine itself as a factor in this disor¬ 
der. MPTP was originally identified because accidental human 
exposure led to PD (18, 42). MPTP, and its active metabolite 
MPP + , are also thought to induce oxidative stress in addition to 
inhibiting mitochondrial function (17). The discovery that mu¬ 
tations in a-synuclein (2, 3), parkin, and UCH-L1 (5, 9, 43, 44) 
are associated with PD led to the recognition that impaired 
protein degradation is also an important factor in this disorder. 
Mechanistically, however, it is still unclear what the common 
thread is among these seemingly disparate cellular responses. 

The present study utilized gene expression profiling to assess 
thousands of genes to obtain a more detailed understanding of 
the molecular programs utilized by dopaminergic cells in re¬ 
sponse to 6-OHDA and MPP + . Two important outcomes from 
this study include the identification of a previously unsus¬ 


pected link between these known oxidative stress inducers and 
aspects of ER stress/UPR, as well as the identification of at 
least a subset of common transcriptional changes associated 
with toxin-mediated events. The latter observation emphasizes 
the overlapping yet divergent nature of cell death in response 
to 6-OHDA versus MPP + . 

Commonality in response to 6-OHDA and MPP + is high¬ 
lighted by the finding that the most highly induced transcript 
by either toxin was CHOP, a stress-induced transcription fac¬ 
tor implicated in cell death (34, 45). The temporal and spatial 
up-regulation of CHOP was confirmed and extended by RT- 
PCR, Western blot analysis, and immunocytochemistry (Fig. 
3). In support of the present findings, microarray analysis of 
MPP + -treated SH-SY5Y cells also resulted in an up-regulation 
of CHOP, albeit with a much later, more prolonged time course 
(46). Similarly, microarray analysis of the dopaminergic cell 
line, SN4741, revealed induction of stress indices following 
MPP + treatment (47). To date, however, this is the first report 
that 6-OHDA up-regulates CHOP, and that it does so to a much 
greater extent than MPP + . 

Additional transcripts identified via microarray analysis re¬ 
vealed that 6-OHDA induced a large number of genes that were 
not positively affected by MPP + , many of which were involved 
in protein folding, trafficking, or degradation (Table II). In 
contrast, the subset of genes induced by both drugs included 
amino acid transporters, tRNA-synthetases, ion channels, and 
stress-induced transcription factors (Table I). A small number 
of genes was induced by MPP + but not 6-OHDA. These in¬ 
cluded Dnaja3, adaptor-related protein complex AP-3 j31 sub¬ 
unit, and myelin transcription factor 1. Currently, the signifi¬ 
cance of these changes is unclear. Overall, MPP + -induced 
transcripts appeared to primarily represent a subset of genes 
induced by 6-OHDA. 
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Fig. 5. 6-OHDA induced sustained 
phosphorylation of proteins associ¬ 
ated with Irelo//3 and PERK UPR 
pathways, whereas MPP + induced 
only transient changes. Protein lysates 
were prepared from MN9D cells treated 
with 6-OHDA and MPP + , A, antibodies 
against the phosphoiylated forms of c-Jun 
( p-c-jun ), eIF2a ( p-eIF2a ), and PERK (p- 
j PERK) were used for Western blot analy¬ 
sis. Additional antibodies were used to 
detect BiP, activated caspase-3 ( aCasp-3 ), 
and Hsp60 as a protein loading control. 5, 
quantification of phosphorylated proteins 
induced by 6-OHDA ( squares ) and MPP + 
(triangles) was performed as described in 
text. Values represent mean ± S.E. of 
triplicate Western blots. *p < 0.05; < 

0.01 compared with untreated control 
(one-way ANOVA with post-hoc Dun- 
nett’s multiple comparison test). Error 
bars of less than 2% are buried in the 
symbol. 



UPR Signaling Pathways —Three signaling pathways have 
been associated with UPR that are triggered by the ER pro¬ 
teins, Irelo//3, ATF6, and PERK review (48). The Irela//3 path¬ 
way is thought to activate caspase-12, the JNK/SAPK pathway, 
as well as Xbpl mRNA splicing (37, 39, 40, 49). Translocation 
of ATF6 to the nucleus leads to the up-regulation of Xbpl as 
well as various ER chaperones (48, 50). Finally, in addition to 
transcriptional changes, ER stress/UPR can down-regulate 
protein translation through phosphorylation of eIF2n via 
PERK kinase activity (48). Of interest, there is some redun¬ 
dancy in these cascades. For example, CHOP can be up-regu¬ 
lated by both the ATF6 and PERK pathways (50, 51). CHOP, as 
well as many chaperone proteins, contains a binding site called 
the ER stress element in its promoter region. In the nucleus, 
ATF6 binds to ER stress element sites activating CHOP tran¬ 
scription. In addition, CHOP contains a second site called the 
amino acid response element that is bound by the transcription 
factors ATF4 and C/EBP/3. ATF4 is activated when eIF2a is 
phosphorylated by PERK (48) or other eIF2a kinases (52, 53). 
Thus, signaling through PERK also leads to the up-regulation 
of CHOP. 

GeneChip analysis indicated that many of the genes induced 
by either MPP + or 6-OHDA were increased to a similar extent. 
A notable exception, however, was that 6-OHDA induced 
CHOP 26-fold compared with 9-fold with MPP + (Fig. 2, Table 


I). Moreover, although both neurotoxins increased ATF4 and 
C/EBP/3, only 6-OHDA increased Xbp-1 mRNA levels (Fig. 2). 
These data are consistent with the notion that 6-OHDA trig¬ 
gered both ATF6 and PERK pathways leading to the dual 
activation of the CHOP promoter. Moreover, processing of Xbpl 
mRNA, indicating activation of the Irela//3 pathway, was only 
observed with 6-OHDA. Although at present we have no clear 
evidence that caspase-12 is activated (data not shown), 
6-OHDA but not MPP + also dramatically up-regulated c-Jun 
mRNA (Fig. 4) and markedly increased phospho-c-Jun levels 
(Fig. 5). Taken together, it seems reasonable to propose that 
6-OHDA is activating all three branches of the UPR signaling 
cascade, IreW/3, ATF6, and PERK, whereas MPP + is only 
activating the PERK branch. One possible model summarizing 
these results is shown in Fig. 7. 

Additional support for this hypothesis comes from studies 
showing that eIF2a can also be phosphorylated by other ki¬ 
nases such as GCN2 in response to amino acid starvation (52) 
or PKR in response to viral infection (53). Thus, phosphoryla¬ 
tion of eIF2n does not require activation of the entire UPR and 
can lead to induction of genes downstream of ATF4, but not 
ATF6 (50, 51). The present findings are consistent with the 
model that MPP + triggers eIF2a phosphorylation (Fig. 7) with¬ 
out involving ATF6 and Irela/j3 activation. These data are 
remarkably similar to a recent report showing that arsenite 
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Fig. 6. 6-OHDA up-regulates CHOP in primary mesencephalic 
neurons. Protein lysates were prepared from primary mesencephalic 
cultures treated with 6-OHDA and MPP + . A, Western blot analysis of 
primary lysates was done using antibodies against CHOP, phosphoryl- 
ated eIF2a ( p-eIF2a ), phosphorylated c-Jun (p-c-jun), and Hsp60 as a 
protein loading control. B , primary cultures treated for 18 h were fixed 
and stained for CHOP and TH. C, primary cultures treated for 12 h 
were fixed and stained for phospho-c-Jun and TH. 


exposure of primary neuronal cells led to the up-regulation of 
CHOP expression without a concurrent activation of UPR (54). 
Thus, MPP + -mediated cell death parallels that described for 
amino acid starvation and/or toxin treatment. 

6-OHDA- or MPP + -mediated Cell Death —Previously we and 
others have shown that, although 6-OHDA and MPP + both 
generate oxidative stress, only 6-OHDA treatment resulted in 
activation of caspases and morphological changes associated 
with apoptosis (20, 21). Several lines of evidence from this 
laboratory suggest, however, that 6-OHDA does not mediate an 
intrinsic, mitochondrial dependent, apoptotic pathway. For ex¬ 
ample, overexpression of the anti-apoptotic protein, Bcl-2, did 
not attenuate 6-OHDA-induced cell death in either the MN9D 
cell line or in primary dopaminergic neurons (22, 25). More¬ 
over, deletion of the pro-apoptotic Bcl-2 family member, Bax, 
did not rescue dopamine neurons from 6-OHDA toxicity (25), 


nor was Bax protein translocated to the mitochondria in re¬ 
sponse to this toxin. 2 Finally, micro array analysis failed to 
detect up-regulation of any BH3-only family proteins thought 
to act upstream of the intrinsic mitochondrial pathway, even 
though downstream caspases were activated (Fig. 5A). Thus, 
these data support a model in which 6-OHDA activates apop¬ 
tosis without involving the intrinsic mitochondrial pathway. 

Another possibility is that 6-OHDA activates the extrinsic 
apoptotic pathway involving death receptors such as Fas and 
the induction of caspase-8. The extrinsic pathway can occur 
independent of de novo protein synthesis (32, 55, 56) as well as 
Bcl-2 family member expression (for review see Ref. 57). How¬ 
ever, activation of the extrinsic pathway requires ligand-medi¬ 
ated death receptor multimerization, adaptor proteins such as 
FADD, as well as autoproteolysis of caspases-8 and -10 (for 
review see Ref. 58). In the case of 6-OHDA-induced apoptosis, 
utilization of the extrinsic pathway seems unlikely because it 
was dependent on new protein synthesis, known death-induc¬ 
ing ligands were not identified by microarray analysis, and 
so-called death receptors (Fas (APO-1, CD95), tumor necrosis 
factor receptor 1 (TNF-R1), TNF-related apoptosis-inducing 
ligand receptor I and II, etc.; Ref. 59) as well as Fas-associated 
death domain were not detected either. In contrast, a growing 
body of evidence indicates that ER stress can induce apoptosis 
independent of both extrinsic and intrinsic pathway factors 
requiring instead caspase-12 and caspase-9 (60, 61). Apoptosis 
mediated by 6-OHDA appears to have more characteristics in 
common with this alternative, non-mitochondrial, pathway, 
although the involvement of caspases-9 and -12 remains to be 
determined. 

The present data as well as previous studies (20, 21) help to 
order and clarify the temporal events following neurotoxin 
treatment. Previous studies of primary dopaminergic neurons 
have shown that 6-OHDA induced an immediate increase (min¬ 
utes) in reactive oxygen species (ROS) (21). The current find¬ 
ings suggest that following ROS generation 6-OHDA treatment 
quickly leads to the induction of c-Jun and processed Xbpl 
mRNA (Fig. 4). These mRNAs are increased after 1 h and reach 
near maximal values by 3 h. Another early event is the phos¬ 
phorylation of eIF2a, which is also increased significantly at 
1 h, peaks at 3 h, and then stays elevated for the next 9 h (Fig. 
5). Presumably triggered by the aforementioned primary 
events, a distinct second wave of transcriptional responses 
occurs, exemplified by CHOP and BiP. The latter are un¬ 
changed at 1 h and then rise rapidly (Fig. 3, 4). Phosphoryla¬ 
tion of c-Jun also occurs during this time (Fig. 5). Reflecting an 
earlier increase in levels of CHOP mRNA, increased CHOP 
protein is detected after 6 h (Fig. 3). In addition, phosphoryla¬ 
tion of PERK is not detected until 6 h following 6-OHDA 
exposure (Fig. 5). The last event to occur in this study was the 
activation of caspase-3, which was barely detectable at 9 h and 
only increased significantly after 12 h (Fig. 5A). Previous stud¬ 
ies have shown that the pan-caspase inhibitor benzyloxycar- 
bonyl-Val-Ala-Asp-fluoromethylketone blocks 6-OHDA toxicity 
in MN9D cells (20) and that the pan-caspase inhibitor bocas- 
partyl(Ome)-fluromethylketone is similarly effective in cul¬ 
tured dopaminergic neurons (21). Thus, a broad, multiphasic 
program of transcriptional, translational, and post-transla- 
tional events precedes 6-OHDA-induced dopaminergic cell 
death. 

Following transient increases, MPP + -induced phospho- 
PERK, phospho-eIF2a, and phospho-c-Jun levels all decreased 
to near control levels after 6-9 h of exposure, whereas these 
same proteins remained phosphorylated in response to 

2 W. A. Holtz and K. L. O’Malley, unpublished observation. 
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Fig. 7. 6-OHDA induces multiple targets of UPR, whereas MPP + is restricted to the PERK pathway. The mammalian UPR consists 
of three ER membrane resident proteins (Irelo/jS, ATF6, and PERK) that sense ER stress and activate the UPR pathway resulting in 
transcriptional changes and attenuation of protein translation. The current studies demonstrate that 6-OHDA induces all three arms of the UPR 
leading ultimately to the transcriptional changes first identified by microarray analysis. In contrast, MPP + is restricted to phosphorylation of 
PERK and eIF2a, resulting in up-regulation of a subset of genes induced by 6-OHDA. 


6-OHDA. Why then are MPP + mediated changes transient? 
One possible explanation is that, although both toxins initially 
trigger the same response as a result of oxidative stress, this 
response diverges as MPP + more effectively depletes cellular 
energy. Conceivably, only 6-OHDA-treated cells retain suffi¬ 
cient energy to execute apoptosis. On the other hand, BiP and 
Xbpl mRNA did not increase significantly at any time follow¬ 
ing MPP + treatment, but were induced by 6-OHDA. This might 
indicate that the two responses are distinct from the beginning, 
despite sharing common participants. 

In primary cultures, the difference between 6-OHDA and 
MPP + appears to be even more distinct. Markers of UPR seen 
in 6-OHDA-treated MN9D cells were also seen in 6-OHDA- 
treated primary cultures (Fig. 6). In contrast, MPP + did not 
appear to up-regulate CHOP or to phosphorylate eIF2a or 
c-Jun in dissociated dopaminergic neurons (Fig. 6). Further 
investigation will be needed to determine whether this is the 
result of differences between MN9D cells and primary cells, or 
of the manner or timing in which the cells were treated. 

Unraveling the biological processes by which PD mimetics 
induce their neurotoxic effects is important to accurately model 
this disease. However, despite decades of use, the complex 
signaling pathways by which 6-OHDA and MPP + act remain 
unclear. The unsuspected finding that 6-OHDA and MPP + 
trigger components of the UPR pathway will lead to a better 
understanding of the application of these agents in models of 
nigral degeneration and improve the interpretation of the re¬ 
sults. In addition, information obtained from 6-OHDA- or 


MPP + -mediated cell death may also contribute toward under¬ 
standing other disorders such as excitotoxicity, amyotrophic 
lateral sclerosis, ataxias, etc. These findings support the 
emerging role of ubiquitin-proteasome system dysfunction in 
PD, and provide a connection between oxidative stress, mito¬ 
chondrial dysfunction, and impaired protein degradation. 
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Note Added in Proof —While this manuscript was under review, Ryu 
et al. (Ryu, E. J., Harding, H. P., Angelastro, J. M., Vitolo, 0. V., Ron, 
D., and Greene, L. A. (2002) J. Neurosci. 22, 10690) demonstrated 
induction of the unfolded protein response in 6-OHDA-treated PC12 
cells and sympathetic neurons. This supports our findings in MN9D 
cells and primary dopaminergic cultures that 6-OHDA is an inducer of 
ER stress. 
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